The subseafloor microbial communities in the turbidite depositional basins Brazos-Trinity Basin IV (BT Basin) and the Mars-Ursa Basin (Ursa Basin) on the Gulf of Mexico continental slope (IODP holes U1319A, U1320A, U1322B and U1324B) were investigated by PCR-dependent molecular analyses targeted to the small subunit (SSU) rRNA genes, dsrA and mcrA, and hydrogenase activity measurements. Biomass at both basins was very low, with the maximum cell or the SSU rRNA gene copy number o 1 Â 10 7 cells mL À1 or copies g À1 sediments,
Introduction
Deep marine sediments contain huge numbers of microorganisms with low metabolic activities (Parkes et al., 1994; Whitman et al., 1998; D'Hondt et al., 2002 D'Hondt et al., , 2004 Schippers et al., 2005) . Over most of the seafloor, electron acceptors, including oxygen, nitrate and sulfate, diffuse into sediments from the overlying seawater. In some cases, however, they diffuse upward from deep brine (D'Hondt et al., 2004; Parkes et al., 2005) , the basaltic basement (D'Hondt et al., 2004) or specific permeable sandy layers (Inagaki et al., 2003) . These oxidants are reduced by the microbial activity using organic carbon, methane and hydrogen as electron donors. Thus, the flux of these oxidants can be used to quantify microbial activities in the subseafloor biosphere (D'Hondt et al., 2002 (D'Hondt et al., , 2004 Webster et al., 2009) . In general, microbial biomass in sediments correlates with metabolic activities that are estimated by supply of electron donors and acceptors (Coolen et al., 2002; Inagaki et al., 2003; Parkes et al., 2005; Engelen et al., 2008) . A recent study suggests that global subseafloor life primarily depends on the amount of organic carbon in sediments (Lipp et al., 2008) . However, the identity and physiological properties of microorganisms responsible for the microbial activities remain uncertain because most of them have not yet been cultivated (DeLong, 2004; Fry et al., 2008) .
One of the most important questions of subseafloor biosphere research is to understand which environmental factors control the number, activity and composition of microbial communities. Several molecular PCR-based analyses of the small subunit (SSU) rRNA gene revealed that the dominant archaeal and bacterial members of the subseafloor biosphere belong to previously undescribed lineages, so that their physiology and metabolism cannot be inferred from cultivated relatives (Inagaki et al., 2006; Fry et al., 2008; Teske & Sørensen, 2008) . The environmental factors that account for the geographic distribution of these communities also remain unclear. For example, Archaea belonging to the Deep Sea Archaeal Group (DSAG) and Bacteria of the JS1 group are prominently observed in methane hydrate-bearing sediments along the Pacific margins (Inagaki et al., 2006; Nunoura et al., 2008a) . Similarly, organic-rich Pacific margin sediments with high concentrations of free methane gas, but at a higher temperature and much shallower water depth, have different microbial community structures at the Peru Margin (ODP sites 1227 and 1229). At site 1227, the South Africa Gold Mine Euryarchaeotic Group (SAGMEG) in Archaea and the Chloroflexi in Bacteria dominated SSU rRNA gene community structures (Inagaki et al., 2006) , and at the site 1229, predominance of the Miscellaneous Crenarchaeotic Group (MCG) in archaeal communities and Chloroflexi in bacterial communities was observed (Webster et al., 2006) . Other studies have shown a clear lithological control of the microbial community composition. In the case of the Sea of Okhotsk, the DSAG and JS1 predominated in archaeal and bacterial communities in pelagic clay layers, respectively, while adjacent volcanic ash layers were mostly populated by the MCG and Gammaproteobacteria (Inagaki et al., 2003) .
The Integrated Ocean Drilling Program (IODP) Expedition 308 was conducted to study overpressure (pressure in excess of hydrostatic pressure) and fluid flow structure in two turbidite (a sediment deposited by a turbidity current) depositional basins: the Brazos-Trinity Basin IV (BT Basin) and the Mars-Ursa salt-withdrawal basin (Ursa Basin) on the Gulf of Mexico continental slope (Flemings et al., 2006) . The BT Basin is the terminal basin of a series of bowl-shaped basins on the upper-middle continental slope. Two sites U1319 and U1320 were located where the turbidite deposits are, respectively, the thickest and most condensed. Differences in sedimentation rates lead to differences in porosity, input of organic compounds to the subseafloor environment and fluid circulation that may control subseafloor microbial communities. Thus, this unique setting provided an opportunity to study effects of the sedimentation rate on the microbial ecosystem in subseafoor sediments using samples from identical lithological units. The Ursa Basin is characterized by the deposition of Pleistocene (1.8 million-10 000 years before present) sediments from the Mississippi River at a rapid sedimentation rate. Under the thick clay and silt deposits, an overpressurized sanddominated 'ponded fan' named 'Blue Unit' exists that extended as much as 100 Â 200 km in the Ursa Basin. Sites U1322 and U1324, respectively, have the thinnest and thickest sediment cover above the Blue Unit (Flemings et al., 2006) .
In order to investigate the subseafloor ecosystem in the BT Basin and the Ursa Basin, we determined microbial biomass, community structure and metabolic activity by conducting SSU rRNA gene clone analysis, quantitative PCR analysis of SSU rRNA genes and functional genes for dissimilatory sulfite reductase (dsrA) and methyl CoM reductase (mcrA), and hydrogenase activity measurement. Data on dsrA and mcrA are expected to represent the abundance of sulfate reducers, and methanogens and anaerobic methanotrophs (ANME), respectively. The bulk hydrogenase activity in any sediment environment reflects contributions from both hydrogenogens such as fermenters, and hydrogenotrophs such as methanogens, homoacetogens, sulfate reducers, iron reducers, etc. (Schink, 1997; Soffientino et al., 2006) . ANME may also contribute to the hydrogenase activity in marine sediments (Shima & Thauer, 2005) . We interpreted the findings within the geochemical, geophysical and paleontological context of the sites in order to shed light on the factors that control the composition and activity of these microbial ecosystems.
Materials and methods

Site description
Sediment samples were collected at the BT Basin and the Ursa Basin during IODP Expedition 308 (Supporting Information, Fig. S1 ; Flemings et al., 2006) . Samples were taken from two holes U1319A and U1320A at the BT Basin, and two holes U1322B and U1324B at the Ursa Basin (Table 1 ). Sulfate and Table 1 . Summary of cores used in this study (Flemings et al., 2006) methane concentrations and alkalinity are shown in Fig. 1 . During the expedition, drilling sites were surveyed by both coring and logging-while-drilling (Flemings et al., 2006) . At all sites, methane hydrate was not observed, although a relatively high concentration of biogenic methane was detected (Flemings et al., 2006) . Based on the sedimentological characterization of the core samples from the BT Basin sites, we found consistent lithological units between two holes as we expected from preliminary seismic surveys, but several differences were observed in geochemistry and sedimentation rate. Sediments at site U1319A showed alternations of turbiditic and hemipelagic (mixture of marine and terrestrial sediments) depositions. The sedimentary (157.5 m) section from this hole was divided into six lithostratigraphic units (Fig. 1 , Table 2 ). The extremely condensed basin margin sequence above 31 meters below sea floor (mbsf) (bottom of unit V) was correlated with the thicker basin-fill section at site U1320 (Figs 1 and S2; Flemings et al., 2006) . The 299.6-mthick sedimentary succession at the U1320A is divided into five lithostratigraphic units (Table 2) . Unit II represented the main period of turbidity current influx into BT Basin and corresponded to the major portion of the basin infill. Units III and V in hole U1320A are correlated with units III and VI in hole U1319A, respectively (Flemings et al., 2006) . Differences in the lithostratigraphy and solid geochemistry of sediments between the basin-fill and the basement sediments were observed in the BT Basin. The underlying succession of the BT Basin (units V and VI at site U1319 and unit V at site U1320) is composed of bioturbated clays that are likely derived from muddy river plumes and/or distal turbidity currents during the low sea-level period corresponding to marine isotope stage (MIS) 6 (Flemings et al., 2006) . After the sea-level change at MIS 6 and increasing water depth of the seafloor, the basin was in an open marine environment, where it filled with turbidity current influx (Flemings et al., 2006) . The d
13 C values of total organic carbon (TOC) in the basin-fill sediments ranged from about À 19.9 to À 26.2% (average about À 23%) and those in the basement sediments were À 22.3 to À 27.6 (average about -26%) (Gilhooly et al., 2008) . A transition from marine to terrestrially derived organic matter was also recorded in the d
13 C values of TOC, although no apparent changes in TOC concentrations were observed in this basin (Gilhooly et al., 2008) .
In the Ursa Basin sites, we observed similar lithological and geochemical features between the two holes. For holes U1322B and U1324B, each of the successions is divided into two lithostratigraphic units (units I and II) ( Table 2) . These holes sampled the entire eastern levee deposits of the Southwest Pass Canyon channel-levee system (turbidite is deposited by turbidity current along seafloor channel-levee system), and the overlying hemipelagic sediment deposition and distal turbidites of younger channel-levee systems (Flemings et al., 2006) . The ages at the bottom of the holes U1322B and U1324B are estimated to be about 65 and 60 ka, respectively (Flemings et al., 2006) .
Sample collection
Hole U1319A was cored using an advanced piston corer (APC) to 114.6 mbsf. The hole was deepened to 157.5 mbsf by an extended core barrel (XCB). In hole U1320A, APC coring advanced to 69.4 mbsf and XCB coring was conducted to 299.6 mbsf. The hole penetrated a thick layer of the sedimentary infill of the BT Basin that reached the underlying sediments. Seventeen whole round cores (WRC) (7-12 cm in length) were collected for microbiological analyses from each of the holes (U1319A and U1320A). Particular depths for the sediment samples are listed in Table S1 .
In the Ursa Basin, the APC system penetrated the entire length of hole U1322B and to 357.9 mbsf of hole U1324B. At hole U1324B, XCB coring was conducted to 608.2 mbsf. The WRCs used for microbiological analyses are summarized in Table S1 .
Fluorescent microspheres were used for contamination assessment of each coring from which samples for microbiology were taken (Table S1 ) following standard IODP procedures (Smith et al., 2000) . All subsampling was carried out in an anaerobic glove chamber. Samples for molecular analyses (PCR-based techniques and biomass enumeration) and hydrogenase activity measurements were taken from the interior of WRC using sterilized top-cut syringes and spatulas, and those for hydrogenase activity measurement were sealed in aluminum bags within the chamber. Samples for molecular analyses and hydrogenase activity measurement were stored at À 80 1C. 
Microscopic observation
Sediment samples (1 mL) were suspended and fixed in 9 mL of 3.7% formaldehyde with phosphate-buffered saline (PBS) and then washed with PBS and stored in ethanol : PBS (1 : 1, v/v). Subsamples were stained with both acridine orange and 4 0 ,6 0 -diamifino-2-phenylindole dihydrochloride, and counted on a polycarbonate membrane filter (0.2 mm) under an epifluorescence microscope aboard the ship.
DNA extraction and purification
For each sample analyzed by PCR (Table S1 ), DNA was extracted from 10 g of sediment using the Power Max Soil DNA Isolation Kit (Mo Bio Laboratories, Solana Beach, CA). DNA extracts from blank tubes (no sediment added) were used as procedural contamination control in later PCR analyses.
Terminal-restriction fragment length polymorphisms (T-RFLP) analysis of archaeal SSU rRNA genes
In order to monitor the microbial diversity of Archaea at site U1324 before SSU rRNA gene clone analyses, T-RFLP analysis of archaeal SSU rRNA genes was performed (Liu et al., 1997) . Archaeal SSU rRNA genes were amplified from extracted DNA assemblages from U1324B by PCR using LA Taq polymerase with GC Buffer I (Takara Bio, Otsu, Japan). The oligonucleotide primers for PCR amplification were Arch 958R and fluorescent FAM-labeled Arch 21F (DeLong, 1992) . A GeneAmp 9600 thermal cycler (Perkin-Elmer, Boston, MA) was used. The DNA amplification condition was 96 1C for 25 s, 50 1C for 45 s and 72 1C for 60 s, for 35-50 cycles. Appropriate amplification cycles were examined for each sample. The purified archaeal SSU rRNA genes were digested by the HaeIII or the HhaI restriction enzyme, and the digested fragments were analyzed using an ABI 3130 DNA sequencer (Foster City, CA). The fluorescent signals were analyzed using GENEMAPPER software (PE Applied Biosystems). Principal component analysis of T-RFLP patterns was conducted using the BLACK BOX program (http://aoki2.si. gunma-u.ac.jp/BlackBox/BlackBox.html).
SSU rRNA gene clone analysis
SSU rRNA gene clone analysis was conducted on samples from holes U1319A, U1320A and U1324B. Samples for clone analysis were selected based on the principal component analysis of T-RFLP patterns, depth and geochemical interface [sulfate-methane transition zone (SMTZ)] because the number of samples from hole U1324B was too high to be completely studied by clone analysis. The SSU rRNA genes were amplified from the extracted DNA by PCR using LA Taq polymerase with GC Buffer I. The oligonucleotide primers for PCR amplification were Bac27F and U907R for bacterial SSU rRNA genes, and Arch21F and Arch958R (Lane, 1985; DeLong, 1992) cycles for archaeal SSU rRNA gene. In order to avoid chimera sequence formation during PCR amplification, appropriate amplification cycles were tested for each sample. The amplified SSU rRNA gene fragments were cloned into pCRII vector (Invitrogen, Carlsbad, CA). The inserts in the pCRII vector were directly sequenced by the dideoxynucleotide chain-termination method using a dRhodamine sequencing kit or the BigDye version 3.1 sequencing kit (PE Applied Biosystems) following the manufacturer's recommendations. Single-strand sequences of bacterial and archaeal SSU rRNA genes with c. 500 nucleotides were analyzed using Bac27F and Arch21F, respectively. The similarities of single-strand sequences were analyzed using the FASTA program of DNASIS (Hitachi Software, Tokyo, Japan) or GENETYX-MAC version 14.0 (Genetyx, Tokyo, Japan), and sequences that showed Z97% sequence similarity were assigned to the same clone type. Subsequently, c. 0.9 kb from the 5 0 end of the representative SSU rRNA gene sequences among each clone type was determined by sequencing both strands. Sequences that were also detected in negative controls in this analysis as well were recognized as experimental contamination. The representative sequences were applied to the sequence similarity analysis with nucleotide sequence databases of DNA Data Bank of Japan (DDBJ), GenBank and EMBL by FASTA search program of DDBJ. The representative SSU rRNA gene sequences were further analyzed using ARB version 20030822 (Ludwig et al., 2004) and were phylogenetically classified into the correct taxonomic unit. Potential chimera sequences were omitted. Both archaeal and bacterial SSU rRNA gene clone libraries were compared using UNIFRAC program (http://bmf2.colorado. edu/unifrac/index.psp) (Lozupone & Knight, 2005) .
Quantitative PCR of the SSU rRNA, dsrA and mcrA genes Primer-probe sets Arch349F-Arch806R-Arch516F and Uni340F-Uni806R-Uni516F were used for quantification of the archaeal and prokaryotic SSU rRNA genes (Takai & Horikoshi, 2000) , respectively, with a prepared mixture of qPCR Quick GoldStar Mastermix Plus (Eurogentec, Seraing, Belgium). For amplification standards of archaeal and prokaryotic SSU rRNA genes, SSU rRNA gene mixtures described previously were used (Takai & Horikoshi, 2000) . The concentrations for primers and probes were chosen following the manufacturer's instructions. The quantification of functional genes dsrA and mcrA with primer sets DSR1F1 and DSR-R and ME1f and ME3r, respectively, was carried out using the methods described in Schippers & Neretin (2006) and Wilms et al. (2007) , respectively. For amplification standards, DNA was extracted, amplified and purified from pure cultures of Desulfobacter sp. and Methanosarcina sp., respectively.
Hydrogenase activity measurement
Hydrogenase activity of sediment samples (Table S1 ) was determined as described previously (Soffientino et al., 2006 (Soffientino et al., , 2009 . Briefly, the sediment was split with a hammer and chisel and weighed while frozen to prevent oxygen contamination, and then placed in a 50-mL syringe barrel fitted with a stopcock and continuously flushed with ultrapure N 2 gas. Each 4-7 g of sediments was slurried with N 2 flushed, autoclaved seawater or with a saturated mercuric chloride solution (negative control), and then a headspace of 20% ultrapure tritiated hydrogen and 80% nitrogen was added. The syringes were incubated on a shaker at room temperature and slurry subsamples were withdrawn every 30 min for 3 h. After degassing in a vacuum, the tritium content of the water was determined by liquid scintillation counting. Linear regression of tritiated water activity vs. time yielded a rate of tritium incorporation in water proportional to the total concentration of hydrogenase in the sample and is interpreted as 'potential' activity. The assay detection limit was determined for each sample by statistical comparison of samples with their mercury-killed controls. Slopes not significantly higher than the negative control were considered insignificant. The rate in nmol of H 2 exchanged per time per gram sediment was calculated using the sample weight, porosity, volume of seawater added and specific activity of the tritiated headspace. Freezing and thawing has been shown previously not to appreciably affect the hydrogenase activity of anoxic coastal sediments (Soffientino et al., 2009) .
Nucleotide accession numbers
The SSU rRNA gene sequences obtained in this study were submitted to the DDBJ/EMBL/GenBank nucleotide databases under the following accession numbers: AB432997-AB433168 and AB448779-AB448940.
Results
Direct cell count and quantitative PCR of 16S rRNA and functional genes
The total cell numbers were generally one to two orders of magnitudes lower than those in previous studies for continental margin subseafloor sediments (Parkes et al., 2000; Schippers et al., 2005) . The highest biomass was found in sediments near the seafloor (4.27 mbsf in hole U1319A, 7.5 mbsf in hole U1320A and 2.9 mbsf in hole U1324B, which contained 1.2 Â 10 6 , 1.2Â 10 6 and 2.0 Â 10 5 cells mL À1 , respectively). At all sites, the total cell numbers decreased with increasing depth (Fig. 2) .
At the BT Basin, dsrA and SSU rRNA genes were detected in the sulfate reduction zone in hole U1319A 4 15 mbsf and in hole U1320A 4 20 mbsf (Fig. 2) . Significant amplification of the mcrA gene was not obtained in both holes. In the sediments from hole U1319A, the copy numbers of prokaryotic SSU rRNA genes were o 10 7 copies g À1 sediment 4 11.9 mbsf, and were below the detection limit in the interval between the SMTZ (15 mbsf) and 66 mbsf. Below 77 mbsf, the copy numbers of prokaryotic SSU rRNA genes became detectable again and ranged from 2.1 Â 10 4 to 7.8 Â 10 4 copies g À1 sediment. Archaeal SSU rRNA genes were only detected at 4.4 and 12.0 mbsf with 4.6 Â 10 4 and 3.4 Â 10 4 copies g À1 sediment, respectively. In sediment samples of hole U1320A, total prokaryotic and archaeal SSU rRNA genes were detected only above SMTZ (22 mbsf) and at 92.4 mbsf. The copy numbers of prokaryotic and archaeal SSU rRNA genes were o 1.0 Â 10 7 and 1.0 Â 10 6 copies g À1 sediment, respectively.
In hole U1322B of the Ursa Basin, prokaryotic and archaeal SSU rRNA genes were detected above 162.3 and 37.0 mbsf, respectively (Fig. 2) . The maximum copy numbers of prokaryotic and archaeal SSU rRNA genes were observed at 2.9 mbsf with 2.7 Â 10 6 and 4.6 Â 10 5 copies g À1 sediment, respectively.
In hole U1324B, we detected prokaryotic and archaeal SSU rRNA genes in the sediments above 84.2 and 27.2 mbsf, respectively. The maximum copy number of prokaryotic and archaeal SSU rRNA genes was found at 11.2 mbsf with 2.6 Â 10 6 and 2.5 Â 10 5 copies g À1 sediment, respectively.
Amplification of dsrA was only successful in depths of 2.9 and 6.7 mbsf in hole U1322B and 11.2 mbsf in hole U1324B with 1.3 Â 10 2 , 1.7Â 10 2 and 2.4 Â 10 3 copies g À1 sediment,
respectively. No significant amplification of mcrA was obtained in either hole.
Hydrogenase activity measurements
Significant differences in hydrogenase activity were observed between the core samples of two BT Basin sites. The average activity above unit IVat site 1320 (2.1 Â 10 À9 mol H 2 g À1 min
À1
) was significantly higher than that at site 1319 (3.5 Â 10 À10 mol H 2 g À1 min
; t-test P = 0.031). At hole 1320A, the highest activity was detected in the shallowest sediment (2.9 mbsf), with 5.4 Â 10 À9 mol H 2 g À1 sediments min
. The activity generally decreased with depth, but remained 4 5.0 Â 10 À10 mol H 2 g À1 sediments min À1 above unit III (Fig. 2) . At hole U1319A, the hydrogenase activity ranged from 2.3 to 7.3 Â 10 À10 mol H 2 g À1 sediments min
, with the highest activity observed at 16.9 mbsf in unit III. In the transition to the basement sediment (unit VI below 31.0 mbsf, and unit V below 174.4 mbsf in holes U1319A and U1320A, respectively), the hydrogenase activity drastically decreased to o 1.0 Â 10 À10 mol H 2 g À1 sediments min À1 , and was below the detection limit in most samples from these layers. At Ursa Basin sites U1322B and U1324B, the average hydrogenase activity values were within the same order of magnitude. Maximum activity (around 1 Â 10 À10 mol H 2 g À1 sediments min À1 ) occurred around 3 mbsf in both holes, and was about one order of magnitude lower than that at the BT Basin. No apparent change in activity was associated with the transition between the silty unit I and the sandy unit II at either site. Hydrogenase activity declined steadily with depth in hole U1324B all the 
(a) way down to 500 mbsf, at which point it was undetectable. Measurable activity was again found in samples deeper than c. 550 mbsf to the maximum depth of 603 mbsf (Fig. 2) .
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Comparisons between hydrogenase activity, biomass and geochemical and geophysical factors A significant relationship was found between hydrogenase activity and copy numbers of the prokaryotic SSU rRNA gene using the combined BT and Ursa data sets (Fig. S3a) . Linear-linear regression yielded a relationship with R 2 = 0.49 and P o 0.001, and log-log regression yielded an R 2 = 0.38 and P o 0.001. Regression carried out on data from the individual basins or holes was not significant, probably due to the scarcity of significant biomass values.
Log-linear regression of hydrogenase activity and alkalinity showed an excellent positive correlation at holes U1319B (R 2 = 0.77, P = 0.020) and U1320B (R 2 = 0.69, P = 0.006) in the BT Basin (Fig. S3b) . The relationship was different at the Ursa Basin, with site 1322 showing no significant correlation (P = 0.232), and site 1324 showing a significant negative correlation between hydrogenase activity and alkalinity (R 2 = À 0.28, P = 0.0177). No significant correlation was found between dissolved pore water sulfate concentration and hydrogenase activity at any of the sites.
Hydrogenase activity and porosity were moderately well correlated at site 1322 (R 2 = 0.25, P = 0.02) and site 1324 (R 2 = 0.41, P o 0.001) (Fig. S3c) . In the BT Basin, on the other hand, correlation was not significant at either of the two sites. Interestingly, however, at site U1320 increased copy numbers of the SSU rRNA gene and hydrogenase activity were observed at 92.3 mbsf in a layer of fine sand of a relatively high porosity sandwiched by low-porosity silt layers (Fig. 2) .
SSU rRNA gene clone analysis of the BT Basin
At hole U1319A, archaeal SSU rRNA genes were only successfully amplified at the depth of 4.45 and 12.0 mbsf (above SMTZ), and 77.0 mbsf near seismic reflector R50. A total of 90 sequences were analyzed. The archaeal SSU rRNA gene libraries above the SMTZ were dominated by the DSAG, MCG and SAGMEG while the community at 77 mbsf was dominated by the DSAG and Marine Hydrothermal Vent Group (MHVG) (Fig. 3a) . Sequences related to methanogens or ANME were not detected.
At hole U1320A, archaeal SSU rRNA genes were successfully amplified within the sulfate reduction zone and basin basement at depths of 92.4, 226.9 and 256.0 mbsf. The depth of 226.9 mbsf coincides with the seismic reflector R50. A total of 201 archaeal sequences were analyzed that mainly composed of members of the MCG, SAGMEG and DSAG, except for a depth of 226.9 mbsf (Fig. 3b) . At this depth, dominance of MHVG was observed. One sequence related to the ANME I was observed at a depth of 92.4 mbsf about 70 m below the SMTZ at the site. We obtained and analyzed 209 indigenous bacterial SSU rRNA gene sequences at hole U1319A within the sulfate reduction zone and below 77 mbsf (which coincides with seismic reflector R50). Bacterial clone libraries constructed from the sediments below 77 mbsf contained 3-39% of potentially experimental contaminant sequences that were closely related to Bradyrhizobium, Bacillus, Pseudomonas, Delftia, Sphingomonas, Pelomonas and Staphylococcus. The bacterial communities above the SMTZ were dominated by the Chloroflexi while dominant groups differed at each depth below 77 mbsf. In these lower depths, the Chloroflexi, Spirochetes, JS1 (Webster et al., 2004) and NTB6 (Reed et al., 2002) predominated in clone libraries.
At hole U1320A, indigenous bacterial sequences were retrieved within the sulfate reduction zone and at depths of 92.4, 226.9, 256.0 and 284.8 mbsf. In total, 245 indigenous bacterial sequences were analyzed. Up to 17% of potential contamination sequences were detected in clone libraries constructed from sediments below 226.3 mbsf. In the sulfate reduction zone, the Chloroflexi-related sequences predominated. In sediments below 92.4 mbsf, sequences belonging to the NTB6 group occurred in the highest numbers. Below 226.8 mbsf, sequences related to the JS1 group, Bacteroidetes and Chloroflexi were abundant members in the clone libraries.
The shallow basin-fill sediments were dominated by the MCG/SAGMEG in archaeal and by Chloroflexi in bacterial SSU rRNA gene communities. In contrast, deeper sediments of the basin showed much more diverse microbial compositions shared by the phylotypes of the DSAG, MHVG, MCG and SAGMEG in the archaeal SSU rRNA gene communities, and of the NTB6, Chloroflexi, Spirochetes and JS1 group in bacterial communities. In both holes, predominance of the MHVG in the archaeal SSU rRNA gene libraries occurred only in samples from the zone of the seismic reflector R50.
SSU rRNA gene clone analysis of the Ursa Basin
In order to monitor the diversity of microbial communities in hole U1324B, we applied T-RFLP analysis targeted for archaeal SSU rRNA gene before SSU rRNA gene clone analysis. Bacterial SSU rRNA genes were not analyzed by T-RFLP analysis because signals of experimental contamination were expected due to the low biomass at this site. Amplification of the archaeal SSU rRNA gene was successful for depths down to 410.7 mbsf, except the parts of 65.2, 166.4, 315.7 and 355.5 mbsf. The T-RFLP analysis was conducted using two restriction enzymes in each case (Fig. S4) . The T-RFLP patterns were analyzed by principal component analysis; they showed three exemplary T-RFLP patterns represented by clone libraries from 2.9, 6.7 and 410.7 mbsf (Fig. S5) . For SSU rRNA gene clone analyses, we selected DNA assemblages from depths 2. 9, 6.7, 11.2, 16.2, 27.2, 93.7 and 410 .7 mbsf based on the principal component analysis of T-RFLP patterns, depth and geochemical interface (SMTZ). When multiple samples were categorized into one group, we chose samples that presented enough PCR products for downstream experiments with least PCR cycles in order to minimize the risks for PCR artifacts such as over-and underestimation of specific groups and chimera sequence formation.
In the clone analysis, a total of 238 archaeal SSU rRNA gene clones were sequenced. Three representative types of archaeal rRNA gene communities were observed: (1) the DSAG predominated, (2) the DSAG and the MCG predominated and (3) the MCG predominated (Fig. 3c) . Each type is consistent with the T-RFLP patterns represented by the DNA assemblages from 2.9, 6.7 and 410.7 mbsf, respectively. All archaeal sequences detected at the depth of 93.7 mbsf (corresponding to the SMTZ) belonged to the DSAG, and the methanogen-and ANME-related sequences were only found at 2.9 and 410.7 mbsf, respectively.
In bacterial 16S rRNA gene clone analysis, putative experimental contamination sequences closely related to Pseudomonas, Stenotrophomonas, Ralstonia, Clavibacter, Rhizobium and Paracoccus were found together with potentially indigenous bacterial SSU rRNA gene sequences in most of the samples. After removal of contaminant sequences, 256 indigenous bacterial SSU rRNA gene sequences were obtained, and the sequences related to the Chloroflexi and Deltaproteobacteria were abundant in all samples. Sequences related to the Planctomycetes and Spirochetes were also common at several depths (Fig. 3c) .
Comparison of 16S rRNA gene clone libraries
Both archaeal and bacterial SSU rRNA gene clone libraries were compared using principal coordination analysis and cluster analysis in the UNIFRAC program. With few exceptions, three groups were found among the archaeal SSU rRNA genes: the BT Basin shallow sediment basin-fill group (above seismic reflector R50), the BT Basin deep sediment basin basement group (below seismic reflector R50) and the Ursa Basin group (Figs 4a and S6a). In bacterial clone libraries, the BT Basin deep sediment basin basement group was clearly distinguished from other libraries (Figs 4b and S6b) . Clone libraries of the bacterial SSU rRNA genes from the Ursa Basin were relatively diverse and not clearly separate from the BT Basin shallow sediment group. The depth boundary between the shallow and the deeper sediment at the BT Basin was seismic reflector R50.
Discussion
Low microbial biomass in the Gulf of Mexico continental slope
The possible environmental factors that control the biomass, diversity and activity of subseafloor microbial communities have been extensively discussed (DeLong, 2004; Jørgensen & D'Hondt, 2006) . The importance of organic compound availability for driving microbial community densities in sediments has often been pointed out (Deming & Baross, 1993; Lipp et al., 2008) . Other significant factors are the supply and flux of inorganic electron donors such as methane and molecular hydrogen Jørgensen & D'Hondt, 2006; Blair et al., 2007) , electron acceptors such as molecular oxygen, nitrate, sulfate and metals (D'Hondt et al., 2002 (D'Hondt et al., , 2004 and the geophysical constraints of the sediments such as pore space size and porosity (Fredrickson et al., 1997; Schmidt et al., 1998; Zhang et al., 1998; Parkes et al., 2000; Inagaki et al., 2003; Rebata-Landa & Santamarina, 2006) .
Direct cell counting and quantitative PCR analyses at both the BT and the Ursa basins revealed an unexpectedly low biomass even near the seafloor (Fig. 2) . Because both methods yielded low biomass estimates, the result is not likely to be a methodological artifact. The biomass estimated in this study is among the lowest in the history of ODP/IODP subseafloor research, and is similar to that of the Peru Basin low organic carbon ODP site 1231, despite the fact that the drilling sites in this study are located on a continental margin (Parkes et al., 1994 (Parkes et al., , 2000 D'Hondt et al., 2004) (Fig. S1) .
The reason for the low biomass is not clear. It may be due to a limited supply of electron acceptors, the relatively poor quality of organic matter or mechanical limits on habitability (Rebata-Landa & Santamarina, 2006) that are related to relatively low sediment porosity and the turbidite deposition system (Flemings et al., 2006) . Burial of detritus from the water column might be the predominant organic matter source in the seafloor sediments (Jørgensen & Boetius, 2007) , and newly covered turbidite deposits formed by mud flow do not always contain fresh organic matter to support heterotrophic populations.
Low archaeal SSU rRNA gene proportion in the Gulf of Mexico continental slope
A few recent studies have suggested that archaeal cells may be at least more abundant in the subseafloor microbial communities than bacterial cells (Biddle et al., 2006; Lipp et al., 2008) . In this study, the overall archaeal SSU rRNA gene population estimated by quantitative PCR was low. While distinct mismatch residues between some subsurface archaeal SSU rRNA gene sequences and a primer-probe set used in this study were highlighted recently (Teske & Sørensen, 2008) , we found only two sequences that have more than three base pair mismatches to primer sequences (IODP1319A76.6 in the MHVG and IODP1324A4H3.71 in the DSAG) among dominant groups. Other predominant sequences show no mismatches to the primer-probe set or have only one mismatch residue to the A349F primer. Therefore, if the abundance of archaeal SSU rRNA genes is underestimated in this study, factors other than the primerprobe mismatch such as contaminations by PCR inhibitors from sediments, quality and concentrations of DNA and/or the DNA extraction method are more likely as discussed in previous studies (Biddle et al., 2008; Lipp et al., 2008) . , respectively. 1, 4.27 mbsf; 2, 11.92 mbsf; 3, 76.92 mbsf; 4, 84.92 mbsf; 5, 102.12 mbsf; 6, 109.77 mbsf; 7, 152.32 mbsf; 8, 2.92 mbsf; 9, 7.42 mbsf; 10, 13.9 mbsf; 11, 21.42 mbsf; 12, 92.32 mbsf; 13, 226.83 mbsf; 14, 255.92 mbsf; 15, 284.72 mbsf; 16, 2.9 mbsf; 17, 6.7 mbsf; 18, 11.2 mbsf; 19, 16.22 mbsf; 20, 27.22 mbsf; 21, 93.72 mbsf; 22, 410.72 mbsf. Comparison between microbial community structure and source of organic matter
At the BT Basin sites, SSU rRNA genes were successfully amplified from the shallow basin-fill sediments and basinbasement sediments, but not from the bottom of basin-fill sediments (Figs 2 and 3) . The microbial community structures of shallow basin-fill sediments differed markedly from those of basement sediments (Figs 4 and S6) . We found lithostratigraphic and solid geochemical changes between the basin-fill and the basement sediments that correlated with sea-level change. However, neither a difference in the supply of electron acceptors, geochemical interfaces at water chemistry and TOC content nor lithological changes were observed in this boundary ( Fig. 1) (Flemings et al., 2006) . The difference in depositional environments reflects the source and bioavailability of organic carbon, which may explain the different microbial communities in the basement and basin-fill sediments at the BT Basin.
In the northern part of the Gulf of Mexico, the distribution and contribution of terrigenous organic carbon is directly entrained by the Mississippi River (Trefry et al., 1994; Goñi et al., 1997) , and the dominant primary production is associated with the Mississippi River discharge (Bierman et al., 1994; Lohrenz et al., 1997 Lohrenz et al., , 1999 Rabalais et al., 2002) . However, at present, these effects of the Mississippi River are mostly limited within the continental shelf, and the present BT Basin is too distant from the Mississippi River (Fig. S1 ) to directly receive both terrigenous and fresh pelagic organic carbon associated with the river discharge. In the latest Pleistocene before the sea-level rise, the BT Basin was located about 50 km from the old shore (Winker & Booth, 2000; Flemings et al., 2006) , and the distance from the old shore to the old BT Basin was expected to be close enough to receive terrigenous and/or fresh pelagic organic matter input. In fact, the d 13 C values of TOC in this basin recorded the transition from marine to terrestrially derived organic matter. The heavier d
13
C values of TOC in basin-fill sediments indicate the enrichment of marine organic matter (most values ranged from À 20% to À 24%) while those in the basement sediments show isotopically lighter values (most values ranged from À 24 to À 28%) that suggest significant input of terrestrial organic material (Gilhooly et al., 2008) .
The hypothesis may also account for the difference of microbial community structures between the two basins. In contrast to the BT Basin, the Ursa region is close enough to the river to receive some terrigenous and/or fresh pelagic organic matter input. At the Ursa Basin, the deposition of the deepest sediments from which we could amplify SSU rRNA gene occurred about 50 ka ago after the sea-level rise. The d
C values of TOC at site U1324A in the range of À 25 to À 28% are similar to those of the BT Basin basement sediments (Gilhooly et al., 2008) and indicate that the basin has received significant input of terrestrial organic material from the Mississippi River. The fact that archaeal SSU rRNA gene communities at the Ursa Basin are relatively similar to those at the BT Basin basement sediments (Fig.  S6a) is consistent with the organic carbon source being a controlling factor. The bacterial communities at the Ursa Basin, however, do not conform to this pattern, as they are similar to those in basin-fill sediments at the BT Basin rather than those in the basement sediments (Figs 4 and S6b) , suggesting that other factors might differentially affect the archaeal and bacterial communities.
Distribution of methanogens, methanotrophs and sulfate reducers
At all sites in this study, relatively high concentrations of biogenic methane (1.1-5.7 Â 10 4 p.p.m.v.) and clear SMTZs were detected (Flemings et al., 2006) . However, the mcrA gene, which is an indicator of methanogens and/or ANME, could not be amplified by quantitative PCR. Also, SSU rRNA gene clone analysis might be consistent with this analysis, because only one methanogen-and two methanotroph-related sequences were detected. The low abundance of the dsrA gene, an indicator of sulfate reducers, together with the unsuccessful amplification of mcrA from ANME in the SMTZ, suggest a minor proportion of AOM-related prokaryotes in the prokaryotic biomass. However, underestimates caused by mismatches between mcrA sequences and primers cannot be ruled out (Nunoura et al., 2008b; Webster et al., 2009) .
It is unlikely that in situ (present or past) methanogenesis could have produced the relatively high concentrations of methane at the BT and Ursa Basin sites, given the low abundance of methanogens and overall low biomass. With expected methanogenesis rates in subseafloor estimated by Colwell et al. (2008) at o 1.5 pmol methane per 1000 methanogenic cells year
À1
, small numbers of methanogens are unlikely to produce the observed in situ concentration of methane after sediment deposition. Furthermore, recent studies estimating methanogenesis rates and the abundance of methanogens using radio-active tracers, mcrA populations or modeling studies using interstitial water chemistry have shown that high methanogenesis rates or abundances of mcrA occur in specific layers (Claypool et al., 2005; Parkes et al., 2005; Webster et al., 2006; Sivan et al., 2007; Colwell et al., 2008; Fry et al., 2008) . The biogenic methane was more likely introduced by migration in poor fluids as the dip seismic section shows several potential gas migration pathways below the BT Basin (Fig. S2) .
Comparisons between hydrogenase activity, microbial population and geochemical and geophysical properties
The hydrogenase depth distributions were fairly continuous throughout the cored depth at both sites, indicating that, despite the low biomass, active microbial communities were present throughout the sediment column. The hypothesis that bulk hydrogenase activity should reflect the active microbial population (Soffientino et al., 2006) was supported by a positive correlation between hydrogenase and biomass estimated from copy numbers of the SSU rRNA gene. Because only about 50% of the variance in hydrogenase activity was explained by biomass, other factors presumably control this potential enzymatic activity. One of the most obvious is community composition. Hydrogenases are a very large and diverse family of enzymes with a wide range of catalytic activities (Vignais & Colbeau, 2004) ; hence, it is probable that different assemblages of similar size will express different sets of enzymes and produce different measurements of bulk hydrogenase. Future studies where hydrogenase measurement is coupled with phylogenetic population analysis and biomass quantification will be helpful in answering this question. Overall, our study demonstrates that the combination of hydrogenase measurement and PCR-based analyses is an effective approach to identify active biomass in sediments with a relatively low activity, such as the ones examined here.
Hydrogenase activity and porosity showed a good correlation at the Ursa Basin sites. This overall correlation was not apparent at the BT sites; however, hydrogenase was enhanced (together with biomass) in a narrow sand layer of site 1320 (Fig. S3c) . These results are consistent with previous studies reporting positive relationships between porosity and direct cell counts in deep sediments (Parkes et al., 1994 (Parkes et al., , 2000 , and with studies predicting mechanical limits on microbial activity in deep sediment (Rebata-Landa & Santamarina, 2006) . The fact that strong correlations between hydrogenase and porosity were observed only in the Ursa Basin (Fig. S3c) suggests that other environmental factors may modify the relationship, such as the source (terrestrial or marine) and/or the bioavailability of organic matter and microbial community composition.
Conclusion
The sediments from two continental slope basins cored in the northern Gulf of Mexico as a part of IODP Exp 308 yielded an unexpected low biomass. At the BT Basin sites, discontinuities of the hydrogenase profiles and transition of SSU rRNA gene community structures were observed at the geological interfaces that are associated with the sea-level rise and change of organic carbon sources. The SAGMEG and the DSAG dominating archaeal SSU rRNA gene communities that have been observed previously in organic-rich and methane hydrate-bearing sediments, respectively (Inagaki et al., 2006; Sørensen & Teske, 2006) , were observed while high TOC values and methane hydrates were not found at all coring sites of this study. The geochemical environments in both the basin sites also indicate that sulfate, iron, phosphate, methane concentrations, methane hydrate or TOC value might not be the primary factors determining these site-specific differences. The relationship between the source of organic carbon and microbial community structures noted in this study suggests that the source and/or the bioavailability of organic matter substrate is likely one of the primary factors that controls subseafloor microbial diversity at these sites, although it does not explain all the differences in microbial community compositions. Fig. S1 . Bathymetric image of the continental slope of the Gulf of Mexico. Fig. S2 . Seismic section of BT Basin between holes U1319A and U1320A (Flemings et al., 2006) . Fig. S3 . Relationships between hydrogenase activity and copy numbers of SSU rRNA gene (a), alkalinity (b) and porosity (c). Fig. S4 . T-RFLP patterns of archaeal SSU rRNA gene digested by HhaI or HaeIII at the Ursa Basin hole U1324B. Fig. S5 . Principal component analysis of T-RFLP patterns of archaeal SSU rRNA genes at the Ursa Basin hole U1324B. Fig. S6 . Cluster analysis of archaeal (a) and bacterial (b) SSU rRNA gene clone libraries using the UNIFRAC program. Table S1 . Summary of core samples used in this study.
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